• Each annual ring in pines consists of earlywood and latewood with considerable difference in density and width. To get a better determination of the genetic regulation of total wood density in Scots pine (Pinus sylvestris L.), density and width of those ring sections were measured in annual ring numbers 12 to 21 of Scots pines in a full-sib progeny test. Tree height and stem diameter were also measured.
INTRODUCTION
To date, forest tree breeding in Sweden has focused on increasing volume production while maintaining low mortality through producing trees that are well adapted to the current amount of wood biomass. The present study evaluates wood density measurements in a progeny test with full-sib families from controlled crosses between plus tree clones growing in production seed orchards. It should thus provide important information about the total effect of the breeding improvement on the production of wood biomass, and provide genetic parameters that could be used if wood density is included in the selection criteria in future breeding programmes.
The wood of a Scots pine tree is very heterogeneous. It is composed of a series of radial annual rings, each of which includes both earlywood and latewood, and a transition zone between those wood types. The cell structure of earlywood and latewood is rather different and this affects the density. Earlywood cells are wide, and have a squared cross-section and thin walls, while the latewood cells have thicker walls and are radially compressed. Thus, their lumens are smaller (Hodge and Purnell, 1993) , and they therefore have more wood mass per unit volume, giving the latewood higher density than the earlywood. On the other hand, latewood sections are normally considerably thinner than earlywood sections. It has been claimed by Evans et al. (1995) that the expansion of fibre cells occurs over a different time scale from cell wall formation, and that these processes may, therefore, be regulated by different genes. If so, it may be possible to obtain annual rings and ring sections with large diameter and cells with thick walls, resulting in both high wood density and wide annual rings. In addition, earlywood continues to be formed until shoot elongation stops, at which point latewood formation commences and continues until cambial growth ceases in late summer (VargasHernandez and Adams, 1994) . Thus, cambial phenology -especially the length of the latewood formation period, which is a genetically regulated trait (Vargas-Hernandez and Adams, 1994) -is important for determining the relative amount of latewood in an annual ring and, hence, the whole ring density, but not necessarily the latewood density per se. The density of the whole ring is thus also genetically influenced through the genetic factors affecting cambial phenology. Due to annual variations in growth conditions and, thus, growth rhythms, radial growth must be broken down to the level of annual growth ring sections. Since more of the extra radial growth in a favourable year is laid down in the earlywood with lower wood density than the latewood (Zamudi et al., 2005) , the overall density of the annual ring formed in a favourable year should be lower than in a year when conditions are poor; the latter should result in a larger fraction of high-density latewood. The main argument for a growth rate compensation in evaluations is thus the altered relation between the earlywood and latewood width. The width or the area of the growth ring is hence often used as a covariate, e.g. in Hodge and Purnell (1993) , Hannrup et al. (2000) , Li and Wu (2005) , and Fries and Ericsson (2006) . The hypothesis tested in the present study is, thus, that if earlywood density and latewood density are analysed separately there is no need to take account of the width of each of the wood types. Analysing the wood types separately should increase the scope for accurately estimating wood densities, their genetic parameters, and exploring possible genetic relationships between growth rates and earlywood and latewood densities.
In most conifers, there is a transition between juvenile wood and mature wood some distance from the pith. Some authors, e.g. Burdon et al. (2004) , refer to this as a change from corewood to outerwood, and use the change from juvenile wood to mature wood to describe the vertical differences in wood types. Cown (1992) also discusses these definitions. However, in the present paper the terms juvenile and mature wood refer to the radially differentiated wood types. In pines (Pinus spp.), juvenile wood is characterised by shorter tracheids with thinner walls and hence lower density than mature wood (Zobel and Sprague, 1998) . Actually, Cown (1992) suggests using wood density to define the boundary between juvenile and mature wood. Furthermore, juvenile wood has microfibrils oriented at a larger angle to the long cell axis (higher microfibril angle), a trait of considerable importance in the pulping process and in the paper properties of the resultant pulp, as well as affecting wood stiffness (Couchene et al., 2006; Steffenrem et al., 2008) . The change from juvenile wood to mature wood is generally claimed to occur at around 15 annual rings from the pith in pines and Norway spruce (see Burdon et al., 2004; Kučera, 1994) , although Zamudi et al. (2005) set the threshold for Pinus radiata at around ring number 10. It is generally desirable to evaluate progeny tests at as young an age as possible, but this is in conflict with evaluating mature wood density. One aim of the work described herein was to examine the development of wood density during the 10-year period encompassing the suggested transition from juvenile wood to mature wood, and to determine whether juvenile wood density is genetically correlated with mature wood density. This should increase the potential for using juvenile wood density to predict high mature wood density.
The specific objectives of the present study were thus:
-to estimate genetic parameters for earlywood and latewood density separately, and for individual years, and to assess the effect of including the width of the corresponding wood types in the estimation; -to estimate the genetic correlations between the densities of the different wood types, between different years, and between densities and growth traits; and -to follow the development of earlywood and latewood density during the years proposed for the transition from juvenile to mature wood.
The whole ring wood density of the same material was evaluated in a previous study (Fries and Ericsson, 2006) .
MATERIAL AND METHODS

Progeny test plantation, data collection and sample treatment
The present study examines wood samples of full-sib progenies of plus trees in the Swedish Scots pine breeding programme for use in northern Sweden. The progeny test, Grundtjärn (S23F711261, at 63
• 33 N, 17
• 25 E and 320 m elevation), includes 197 full-sib families from controlled crosses of 50 phenotypically selected first-generation parents. The plus tree parents were regarded as a random sample 404p2 Genetic parameters for earlywood and latewood densities Ann. For. Sci. 66 (2009) 404 from a population of plus trees. The crossing scheme layout was a partial diallel, approximating Kempthorne and Curnow's (1961) circulant design, with each parent being either mother or father eight times (for eight parents, nine times). For further details of the layout, see Fries and Ericsson (2006) .
The study evaluates the density of the earlywood and latewood separately in annual ring numbers ca. 12-21 from the pith (see Fries and Ericsson (2006) for a description of the determination of the annual ring numbers). Determining ring number from the bark inwards, as in this study, relates only approximately to counting from the pith, since different trees attain breast height at somewhat different ages. On the other hand, using this method ensures that the same ring numbers equate to formation during the same calendar year. The wood samples used in the analyses were increment cores with a diameter of approximately 5 mm, collected in September 2001 from trees 30 growing seasons since planting (32 growing seasons from seed). The cores were taken from the bark to, or almost to, the pith, amounting to 18-26 annual rings. The south-west area of the progeny test was the subject of the study, and the wood samples were collected from 2 640 trees (54%) in the experimental plantation. Only undamaged or slightly damaged trees were used. At the same time the total height and stem diameter of the trees were measured, and their vitality was assessed. Wood density was measured by X-ray diffraction using an Itrax Density Scanner (Cox Analytical Systems, http:// www.coxsys.se/itrax_density_scanner.htm). This device is described in more detail in Lindeberg (2001) and Bergsten et al. (2001) , and in Fries and Ericsson (2006) the procedure followed is described in detail.
The Itrax analyser creates photographic exposures of the core; these are used to manually determine the border between each annual ring, while the earlywood/latewood-boundary was automatically set at 50% of the maximum density for that ring. Absorption values were translated into wood densities in the increment cores using a density reference stick, which was included in each run (one run comprised 19 samples plus the reference).
Treatment of the data
Out of the 2 640 trees from which wood sample increment cores were taken, 1 655 (63%) yielded exposures which produced acceptable data. Based on visual examination, there were three main reasons for not accepting the photo exposures or the resulting data: (i) difficulties in identifying the boundaries between annual rings since the annual rings were extremely narrow, the increment cores were broken or not sufficiently straight; (ii) the photo exposure was not of sufficient quality because the camera was accidentally out of position during the X-ray analyses; and (iii) the angle of the annual ring in the strip differed too much from the perpendicular in comparison with the long axis of the stick. Single annual rings with compression wood and cracks were also excluded.
Genetic model and statistical analysis
The analyses were conducted using ASReml 2.0 statistical software (Gilmore, 2006) , and a parent-term setup was fitted to the data in order to be applicable to the genetic model P = A + E with corresponding variances σ
E to be estimated. In this model P is the phenotypic value, A the additive genetic effect, and E the assumed independent environmental effect including any genetic residual. Block effects were included as a fixed effect and parent effects as random components. Furthermore, most analyses were undertaken both with and without the width of the corresponding annual ring section as a covariate, i.e. for earlywood density of annual ring 12 the width of the earlywood of annual ring 12 was used, etc. When estimating the correlations between different years no covariate could be used since multiple years were involved.
The random components in the genetic model were constructed based on a parent design matrix giving the relationships of the full-sib families. As for the variances above, the covariances were assumed to be composed as follows:
for the traits i and j.
The variances and covariances (and/or corresponding correlations) were estimated using the REML method in the ASReml runs (which also yield BLUP breeding values), and they formed the basis for deriving estimates of heritability and genetic correlations. The complete genetic model is presented in Fries and Ericsson (2006) .
RESULTS
Latewood density (LD) was more than twice as high as earlywood density (ED): 0.7-0.8 g·cm −3 compared with ca. 0.35 g·cm −3 (Tab. I, Fig. 1a ). ED did not change much during the ten-year period, but there was a slight general increase in LD, although with a dip in the penultimate year. There was no significant difference between years with respect to either LD or ED. Both earlywood width (EW) and latewood width (LW) decreased by about 50% during the 10-year period (Fig. 1b) . Breeding values (obtained from the ASReml runs) for ED increased on average slowly but steadily with increasing age, but the different parents developed to some extent differently. There were larger differences in breeding value for LD than ED, and there was a considerable increase at ring number 16-17, but a drop during the penultimate year (Fig. 2a) . If LW was included as a covariate, the reduction also occurred during the last year (see Fig. B , online material only 1 ). The amplitude between maximum and minimum breeding values relative to the mean values tended to increase with increasing ring number for ED, while it decreased for LD (Figs. 2b and 2c ). For ring number 21 the difference was of similar size for ED and LD, ca. 6%.
During the 10-year period, the heritability for ED increased from 0.08 in the first years to 0.20-0.25, while it decreased for LD from approximately 0.22 to 0.10-0.15 (Tab. Ia-Ib, Fig. 3a) . In both cases, at annual ring number 17 there appeared to be some stabilising of the heritability, although the annual variation was large. The genetic coefficients of variation ranged between 3% and 6% for both ED and LD, and the trend mirrored the heritability, with an increase for ED and a decrease for LD (Fig. 3b) . Analyses incorporating the covariate changed neither the heritabilities nor the genetic coefficients of variation. EW and LW had heritabilities below 0.10 during the whole period (Fig. 3a) . Heritability for total earlywood density and latewood density over the ten years (EDtot and LDtot) was 0.25 and 0.22, respectively (Tab. III).
1 Figures A and B , and Table I . Results of analyses of earlywood and latewood densities (ED and LD, respectively) on a yearly basis. Mean density (mv), the number of analysed samples (trees) for each annual ring (n yr ), phenotypic variances (σ 2 P ), heritability (h 2 ), genetic coefficient of variation (CV A ), and genetic, environmental and phenotypic correlations (r A , r E and r P , respectively) with earlywood width (EW and LW, respectively), tree height (H01) and stem diameter (D01). (a) Earlywood density, (b) latewood density. The genetic correlations between annual rings nearly always exceeded 0.7 for both ED and LD in different years (Tab. IIa, see also Tab. Aa-Ab, online material only 1 . Attempts to make use of a banded pattern, e.g. a pattern showing equal correlations between adjacent years, were not successful for ED, while banded correlations were present for LD, and the most informative gave genetic correlations between 0.86 and 0.97 (see Tab. Ac, online material only 1 ). Genetic correlations between ED and LD for individual years were high, with r A generally exceeding ca. 0.7, except for density correlations between recently formed earlywood and early formed latewood, i.e. Δyear 5-9 in Table IIb and the  upper right part of Table Ad . In this case r A was between 0.4 and 0.5. The genetic correlations between ED and EW were negative, generally r A = −0.3 to -1.0 (Tab. Ia); it was not possible to discern a genetic correlation between LD and LW because of the large standard errors (Tab. Ib). The phenotypic correlations r P between ED and EW and between LD and LW were generally negative (r P = −0.1 to -0.35); between ED and LD this correlation was positive and highest between adjacent years (low Δyear in Tab. II and close to the diagonal in Tab. Ae). In this case the correlations were generally between 0.5 and 0.6. Height (H01) exhibited a weak negative genetic correlation with ED, with r A often close to zero (Tab. I), and a weak correlation with LD (r A is higher but has large standard errors, Tab. I). In addition, stem diameter (D01) showed negative genetic correlations with ED and LD (r A = −0.21 to -0.67; Tab. I) (for these correlations, see also the online material 1 , Figs. Aa-Ad 1 ). The influence of the covariate was also very limited in this case. When considering the growth traits and average density of the 10 annual rings (EDtot and LDtot, respectively), the genetic correlations were negative. For EDtot they were r A = −0.31 and r A = −1.10 with H01 and D01, respectively, and for LDtot they were r A = −0.11 and r A = −0.96, respectively (Tab. III). The phenotypic correlations were generally low and no covariate effect was observed (data not shown). Between EDtot and LDtot the genetic and environmental correlations were strongly positive (r A = 0.72 and r E = 0.57, respectively). The heritability for height was 0.29 and for stem diameter 0.10, and the genetic correlation between them was 0.42 (Tab. III). Lower heritability for stem diameter than for height is normal, and one reason is uneven competition due to irregular spacing caused by early mortality.
DISCUSSION
There was no substantial change in the average ED throughout the 10-year period, while LD increased, albeit with a drop in the penultimate year (Tab. I and Fig. 1a) . When whole ring density was analysed for the same data (Fries and Ericsson, 2006) , using the total ring width of the corresponding annual ring as a covariate eliminated the negative genetic correlation between height and wood density, and the environmental correlation between density and stem diameter. However, the negative genetic correlation between density and stem diameter remained. In the present study, with separate analyses of earlywood and latewood, none of the corresponding correlations changed when the analysis incorporated a covariate. Since data for all annual rings was only available for a few individuals, the standard errors were, however, rather high (Tab. III). In a study of whole ring density by Li and Wu (2005) , the effect of introducing the ring area as a covariate when analysing correlations and heritabilities was that the high variability disappeared. The variation without a covariate could be a consequence of annual variation in the relationship between earlywood and latewood becoming confounded with densities when analysing whole ring density rather than earlywood and latewood separately. Thus, the lack of influence of the width of the corresponding wood section is consistent with the hypothesis that separating earlywood and latewood in density analyses reduces the effect of annual variation in radial growth.
We obtained clear negative genetic and phenotypic correlations between ED and EW (r A = −0.28 to -0.96 and r P = −0.17 to -0.35; Tab. Ia). For LD and LW the phenotypic correlation was negative (r P = −0.095 to -0.35), but because of high standard errors it was impossible to state a genetic correlation (Tab. Ib). In Pinus radiata there were lower genetic correlations for ED and LD when examining the area of the earlywood and latewood sections instead of the widths (r A = −0.06 to 0.04; Zamudi et al., 2005) .
Like the ED-EW and LD-LW relationships, there were clear negative genetic correlations between both ED and stem diameter (D01) and between LD and D01 (Tab. Ia, Ib and Figs. Ab and Ad, online material only 1 ). Similarly, various studies have shown that the whole ring density and growth is negatively correlated; see, e.g., Vargas-Hernandez (1991), Hannrup et al. (2000) , Fries and Ericsson (2006) , and Li and Wu (2005) . Although Hodge and Purnell (1993) , however, found both negative and positive genetic correlations, the frequent negative genetic correlations between densities and growth traits demonstrate the difficulties associated with combining good growth with sufficiently high density. However, the genetic correlations vary considerably and breeding values for different parents develop after diverging paths (Figs. 2a-2c ), indicating that some trees have less negative or even positive genetic correlations and that breeding improvement may be possible.
Breeding values for ED increased slowly but steadily with increasing ring number from the pith, while for LD they increased but showed larger between-years differences (Fig. 2a) . The amplitude of the relative breeding value for ED tended to increase and was ca. 6% of the average by the end of the period (Fig. 2b) . For LD the final amplitude was about the same percentage, but here there was a decreasing trend (Fig. 2c) . One possible reason for the decrease in LD in the penultimate year is the narrow latewood section making the delineation between earlywood and latewood rather difficult. If some of the earlywood is included, this will reduce the calculated density. This explanation is supported by the greater phenotypic variance recorded for LD of the outermost rings (Tab. I).
The heritability exhibited an increasing trend with age for ED, but a decreasing trend for LD (Fig. 3a) . Similar trends have also been recognised in Pinus pinaster by Gaspar et al. (2008) up to ring number 11. In our study, however, heritabilities seemed to stabilise at ring number 16-17, with a value of ca. 0.25 for ED and 0.10-0.15 for LD. At this age EW and LW also stabilised (Fig. 1b) . This phenomenon was also recorded for ring density and ring width by Li and Wu (2005) . Furthermore, in the previous whole ring density analysis of the material examined here (Fries and Ericsson, 2006) , heritability was constant but fluctuated during the 10-year period. Including the covariate in the present study had no final effect on either the heritability or the coefficient of variation (Figs. 3a-3b) . Heritabilities for EDtot and LDtot were 0.25 and 0.26, respectively (Tab. III), and this was similar to or slightly lower than heritabilities for earlywood, latewood and total densities recorded in many other studies, e.g. Fries (1986) studying Pinus contorta; Hannrup et al. (2000) and Fries and Ericsson (2006) studying Scots pine; Gwaze et al. (2002) studying Pinus taeda; Ivkovich et al. (2002) studying Picea engelmannia and Picea glauca; Li and Wu (2005) and Zamudi et al. (2005) studying Pinus radiata; Bouffier at al. (2008a; 2008b) studying Pinus pinaster; and Ukrainetz (2008) studying Pseudotsuga menziesii. An additional general pattern is that the estimated heritabilities for ED and LD are of similar size, although Louzada et al. (2002) , Bouffier et al. (2008b) and Ukrainetz (2008) recorded a higher value for ED than LD.
The stabilisation of heritabilities (Fig. 3a) , coefficients of variation ( Fig. 3b) and breeding values (Fig. 2a) at around annual ring 17 corresponds to the age when the transition from juvenile wood to mature wood is thought to occur (see, e.g., Burdon et al., 2004 and a literature review in Kučera 1994) . Therefore, our results do not contradict this suggested age for the change from juvenile to mature wood.
The genetic correlations between ED and LD of the same or adjacent annual rings was above 0.7 (low Δyear in Tab. IIb), and the standard errors were low (Tab. Ad, online material only 1 ). The genetic correlation between EDtot and LDtot was 0.72 (Tab. III). These findings indicate that selecting for high ED entails little risk of reductions in LD, or vice versa, in accordance with Hodge and Purnell (1993) . However, low genetic correlations between the density of recently formed earlywood and early formed latewood (Tab. IId) indicate that selection based on latewood density before mature age may be less effective, while using ED as a selection criterion at young ages may be very effective for achieving high density when the trees are older.
Like CV A , a higher final heritability for ED than for LD for the most recently formed annual rings and increasing amplitude in the relative breeding value indicate a stronger genetic influence on ED than on LD, especially with increasing age. The large standard errors for correlations including LD are probably partly due to difficulties in measuring LD using the technique employed in this study, and make ED a somewhat safer selection criterion than LD if only one of them is to be chosen.
CONCLUSIONS
The higher final heritabilities for ED than for LD (Fig. 3a) , the equal genetic coefficient of variation (Fig. 3b) , and the increasing amplitude of the relative breeding values for ED (Fig. 2b) indicate that ED is a somewhat safer selection criterion than LD. This is supported by the higher genetic correlation between earlywood formed at a young age and latewood formed at an advanced age than between early formed latewood and recently formed earlywood (Tab. II; see also Tab. Ad, online material only 1 ). However, the generally strong positive genetic correlation between ED and LD for the same 404p7 Ann. For. Sci. 66 (2009) 404 A. Fries, T. Ericsson Table III . Correlations including standard errors of the relationship between average densities for all 10 annual rings (EDtot and LDtot), height growth (H01) and stem diameter (D01). Heritabilities (h 2 ) along the emboldened diagonal, additive genetic correlation r A above the diagonal and environmental correlation r E below. In the right part is phenotypic variance (σ or similar annual rings, and between EDtot and LDtot, indicate that selection for ED will result in an increase in LD. Therefore, earlywood density or whole ring density could be sufficient as a predictor, and it should be included as a selection trait, if possible, in order to avoid poor density characteristics when trees are selected for good growth.
In analyses of earlywood and latewood density it is not necessary to include the width of the corresponding ring section as a covariate.
The age interval 15-20 years from the pith for transition from juvenile to mature wood as often suggested in the literature is, when considering the development of average densities, heritabilities and genetic coefficients of variation, not contradicted. It is preferable to wait until trees reach at least this age before using ED or LD as selection criteria for mature wood density. ED, however, may be used earlier.
